I. INTRODUCTION
Polymeric dielectric materials are very attractive for organic thin-film transistor ͑OTFT͒ applications for all organic devices because they can often be formed by simply spin coating or printing at room temperature under ambient conditions. 1 Gate insulators in OTFTs also play a critical role because optimized selection of materials not only offers low operating voltage and gate leakage current but also often directly affects the mobility of charge carriers by modifying the orientation of organic semiconducting active materials. 2 Although polymeric insulators are still concerned for their low dielectric constant and high susceptibility to organic solvents, they are still considered as a preferred candidate mainly because of their interfacial compatibility with organic semiconductors that allows to easily control the chemical and physical properties of the dielectric surface and thus optimize device performance. [3] [4] [5] [6] [7] [8] [9] Among various polymeric insulators, polymethylmethacrylate ͑PMMA͒ is of particular interest and is also a promising for a gate dielectric because it shows not only moderate output and transfer characteristics, high filed-effect mobility 0.241 cm 2 V −1 s −1 , 10 and an excellent glasslike material in photonics. 11 PMMA also exhibits high potential as a substitute for brittle metal oxides as the gate dielectric in flexible OTFTs. 10, 12 In addition, the solubility and thin-film properties of polyacrylates are tunable and dominated by varying the nature of ester substitutes. However, the low dielectric constant and film thickness dependence of PMMA lead to devices with a lower on/off current ratio, field-effect mobility, and severe hysteresis. 13, 14 In this study, we first reported OTFTs with high dielectric constant polymer, poly͑2,2,2-trifluoroethyl methacrylate͒ ͑PTFMA͒, as the gate dielectric to enhance OTFTs performance. A buffer layer of poly͑␣-methystyrene͒ ͑P␣MS͒ was utilized to modify the interfacial affinity between the PT-FMA and pentacene. All of the output and transfer characteristics correlated with the test devices, including field-effect mobility ͑ sat ͒, on/off current ratio ͑I on / I off ͒, turn-on voltages ͑V on ͒, threshold voltages ͑V th ͒, and reliability will be examined.
II. EXPERIMENTAL
All of the materials used in this investigation are commercially available, and solvents were used without further purification. The molecular weight of commercial P␣MS is 4000 g/mol. PTFMA was prepared according to Ref. 15 , and its molecular weight and glass transition temperature were 30430 g/mol and 82.5°C, respectively. Surface affinity of solid thin films was measured by using a Gardner contact angle detector.
The gate electrodes were made by photolithographic processing on an indium tin oxide ͑ITO͒ glass, and the ITO pattern had a dimension of 2.5ϫ 5.0 mm 2 . The patterned ITO glass substrates for device fabrication were cleaned ultrasonically with detergent, de-ionized water, 2-propanol, and methanol, followed by UV-ozone pretreatment before use. For top-contact OTFT fabrication, PTFMA was dissolved in 1,2-dichloroethane, spin coated onto the ITO substrates, and dried in a vacuum oven. For the multilayered dielectric, P␣MS was dissolved in toluene at 0.1 wt % and was spin coated onto the PTFMA solid thin film. Thereafter, pentacene was thermally deposited at 6 ϫ 10 −6 Torr ͑ϳ0.3-0.4 Å s −1 ͒ with a film thickness of 600 Å. Topcontact Au electrodes ͑ϳ70 nm͒ were then subsequently deposited through a shadow mask. The channel length ͑L͒ and width ͑W͒ of the devices were 200 and 2000 m, respectively. The film thickness and roughness were measured by an atomic force microscopy ͑AFM͒. The current-voltage ͑I-V͒ characteristics of the OTFTs were measured under inert gas by using a Keithley 4200 semiconductor parameter analyzer and an HP 4284 CV analyzer, respectively.
III. RESULT AND DISCUSSION
To investigate the polymeric gate dielectrics on pentacene-based OTFTs, two kinds of devices were fabricated. The OTFT configuration and the chemical structures of dielectrics are depicted in Fig. 1 . The dielectric thin-film properties are characterized and summarized in Table I . In the solubility test, it was found that P␣MS was soluble in 1,2-dichloroethane and toluene, but PTFMA was insoluble in toluene. Therefore, to study the fabrication of two-layered dielectrics, P␣MS dissolved in toluene at 0.1 wt % was spun onto PTFMA solid thin film. The thicknesses of PTFMA and P␣MS were 592 and 10 nm, respectively. In the AFM measurement, a flat P␣MS/ PTFMA thin film with pinhole free surface was observed, and the surface roughnesses of pristine PTFMA and P␣MS/ PTFMA were 0.44 and 0.51 nm, respectively. Due to the coated P␣MS buffer layer, the surface affinity of the treated PTFMA thin film became more hydrophilic, and the corresponding contact angle and surface energy were modified from 95.1°and 24.13 mJ/ m 2 to 84.0°a nd 31.12 mJ/ m 2 , respectively. The output characteristics ͑I DS versus V DS ͒ as a function of gate voltages ͑V GS ͒ for pentacene TFTs using different gate dielectrics are plotted in Figs. 2͑a͒ and 2͑b͒, respectively. Both devices showed saturated and linear characteristics under different V GS bias. The I DS -V DS output characteristics showed a p-channel accumulation type field-effect transistor.
The transfer characteristics of the test devices were measured in the saturation region ͉͑V DS ͉ =30 VՆ ͉V GS − V th ͉͒, and the representative transfer plots are shown in Figs. 2͑c͒ and 2͑d͒, respectively. The source-drain current ͉I DS ͉ in a logarithmic scale was shown against the gate voltage V G at a constant source-drain voltage of V DS = −30 V. For devices with different gate dielectrics, field-effect mobility ͑ sat ͒ and threshold voltage were measured from these current-voltage characteristics in the saturated region using a linear fit to plot the square root of the drain current I DS as a function of gate voltage V G . 16 All of the parameters related to the transfer characteristics were extracted and summarized in Table II . The field-effect mobility ͑ sat ͒ and the on/off current ratio ͑I on / I off ͒ for a pristine PTFMA device were 0.10 cm 2 V −1 s −1 and a magnitude of five orders, respectively. After P␣MS modification with a buffer layer at a thickness of 10 nm, the I on / I off value was close to that of the pristine PTFMA device, but the field-effect mobility ͑ sat ͒ was dramatically enhanced to 0.70 cm 2 V −1 s −1 , which was 2.9 times higher than that of optimized PMMA devices. 10 This improvement may be due to a reduction in interface trap densities resulting from moderate adjustment in the pentacene attributes to the moderate surface free energy ͑SFE͒ after treatment. After inspecting the topology of pentacene thin films inserted in Figs. 2͑c͒ and 2͑d͒, we found that the grain size on the modified surface with P␣MS, shown in Fig.  2͑d͒ , was larger than that of pristine PTFMA revealed in Fig.  2͑c͒ . The grain sizes were measured at 0.25-0.70 and 0.81-1.51 nm for PTFMA and P␣MS, respectively. This fact was attributed to the P␣MS buffer layer, which enhanced the SFE to 31.12 mJ/ m 2 from that of pristine PTFMA at 24.13 mJ/ m 2 , as a result the number of nucleation sites decreased, which also resulted in a grain boundary reduction. Accordingly, hole-trapping sites were reduced in P␣MS/ PTFMA, which led to a higher field-effect mobility of 0.70 cm 2 V −1 s −1 . Similar OTFT characteristics with double-layered dielectrics were also demonstrated by Stadlober et al. 17 Although Müller et al. 18 also presented an OTFT with two-layer gate dielectrics and reduced its operation voltage, the corresponding transfer characteristics showed the poor field-effect mobility.
Through a linear fit for I DS 1/2 -V G curves, we were able to estimate V th and sat in the saturation region. Thus, the I DS 1/2 -V G relations of the devices are plotted in Figs. 2͑c͒ and 2͑d͒, respectively. Of particular interest was the change in V th and V on on different dielectric surfaces. To the best of our knowledge, no conclusive theory has been proposed to explain the extraordinary properties of the P␣MS surface treatment. Although the theory proposed by Chua et al. 19 may provide an explanation, P␣MS does not present electrontapping sites, such as -CF 3 and ester groups, to the organic semiconductor, this may lead to increased electrical behavior. Moreover, in the case of the P␣MS-treated sample, V on is close to zero voltage, which leads to a more negative V th at Ϫ10.5 V. The difference between V th and V on is smaller in the case of P␣MS-treated OTFTs ͑⌬V = 12.0 V͒ than that of pristine PTFMA OTFT ͑⌬V = 14.4 V͒, which can be accounted for by a smaller amount of hole traps in the p-type OTFT. 20 A positive onset voltage, as observed in the PTFMA OTFT, is usually attributed to the presence of fixed negative charges, presumably in the form of trapped electrons at the interface between pentacene and the gate dielectric. The near-zero onset voltage of the P␣MS-treated OTFTs suggested that there are almost no electrons trapped at the interface between P␣MS and pentacene film. 19 On the other hand, the observed V th and V on shift correlates to the electron affinity of the polymeric insulator end groups. The dipole structures in PTFMA synchronously form a built-in dipole-dipole field, and the induced field is equivalent to a gate voltage applied in the transistor channel. The electronegativity of the terminal functional group ͑-CF 3 ͒ on PTFMA influences the charge distribution within the gate insulator and pentacene, and can lead to the formation of an electric dipole within the dielectric/pentacene interface, as shown in Fig. 3͑a͒ . 21 As a result, the charge density at the insulator-organic semiconductor interface has been intrinsically organized to affect device performance dramatically. When pentacene is deposited onto a dielectric layer without the dipole effect, i.e., the device shown in Fig. 1͑a͒ , the vacuum levels are aligned and no bending of the highest occupied molecular orbital ͑HOMO͒ and lowest unoccupied molecular orbital ͑LUMO͒ levels occurs, as shown in Fig.   TABLE Fig. 3͑a͒ , the dipole field of the polymeric insulator modifies the surface potential which has the same effect as applying a ͑negative͒ gate voltage. For a p-type OTFT, therefore, V th and V on will shift to the more positive region when a polymer with high dipole moment is used as a gate dielectric layer. For general organic circuit applications such as radiofrequency identification transponders, the OTFT devices were essential of minimized hysteresis because the threshold voltage ͑V th ͒ shift caused by the hysteresis behavior may result in unpredictable circuit operation. Therefore, a practical dielectric was required to have lower hysteresis. 22 In the reliability test, the transfer characteristics and voltage bias stress were measured and plotted in Fig. 4 . The OTFT device based on P␣MS/ PTFMA showed less hysteresis ͑⌬V GS = −0.25 V͒ during forward and backward sweeps, which could be attributed to the P␣MS. Buffer layer retarded the change in surface polarity of PTFMA. The inset is the normalized source-drain current ͑I / I 0 ͒ degradation as a function of time after stress test. Obviously, the I / I 0 ratio initially increased with stress time under a constant bias, and saturated at 1.20 at 500 s. In comparison, the I / I 0 ratio for the PTFMA based OTFT device initially decreased with stress time, and saturated at 0.86 at 340 s. Furthermore, hysteresis was 0.62 V at V GS = −30 V for the P␣MS/ PTFMA device, which is smaller than that of pristine PTFMA estimated at 0.84 V.
IV. CONCLUSION
We have demonstrated top-contact OTFTs with PTFMA as a gate dielectric, which significantly enhanced the performance by depositing a buffer layer of P␣MS onto the bare PTFMA. Via the simplified surface treatment with pinhole free morphology, we cannot only enhance the pentacene grain size to achieve an OTFT high mobility, but also eliminate the built-in electric filed in the bottom gate dielectric to minimize the threshold voltage shift and hysteresis. Accordingly, our research on bilayered polymeric gate dielectrics with moderate permittivity and low defect could provide an alternative for fabricating flexible and large area substrates with full solution process, such as roll-to-roll and inkjet printing technology. 
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